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Motivation

* Measure CP violation in the lepton sector Py, — v.] # P[p, — 7. ?
* Oscillation experiments use near and far detectors
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* To get the oscillation probability from event rates, we must reconstruct the
neutrino energy precisely and must know flux, cross section and nuclear effects
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Neutrino Scattering

* Understanding neutrino interactions is challenging
* Modeling the interactions and measuring them present different types of challenges
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NuMI Neutrino Beam

* A beam of protons interact with a target and produce pions and kaons

Absorber Muon Monitors .
Target . 1 | = | ICARUS is located 103mrad ICARUS
& Decay Pipe . \ )
120 (}c\\ Ta l'get Ha]l . H — _\ & ~ k___ ; Off aXIS frOm the N U M I
N WV — - F L_‘Irj| - — :.: eam
.lc-r'mtn ¥ 4 # \.i\ N — _ R S \ \ . b a
Main Injector Horns xt e . \ “_ _I _‘— \ |
10 m 30m ' 7 e Y B
Hadron Monitor m 2m  18m  210m

* The target and second magnetic horn can be moved relative to the first horn to
produce different energy spectra
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MINERVA Experiment

» Designed to make precision measurements of neutrino interaction cross sections

* Fine-grained scintillator tracker surrounded by calorimeters
 MINERVA has different nuclear targets: iron, lead, carbon, helium, and water
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Three views of scintillator bars give

unambiguous 3D track reconstruction

Design, calibration, and performance of the MINERVA detector
Nuclear Inst. and Methods in Physics Research, A, Volume 743, 11 April 2014, Pages 130-159 5
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Flux Measurements

* MINERVA has used inverse muon decay as a standard candle to measure the NuMI
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180 I Quasielastic u
160 I 2p2h 0-25¢ ——

140 ' I Other C

Neutrino  mmo 02

* Constrains flux in high energy

o.155— .
- tail
0.1:

0.05F

100 Mode
| 2/ events

Events per 0.25 MeV
S
Fractional Uncertainty

9 10 qO 15 20 25 30 35 40 45 50

Neutrino Energy Gev) P NYS. Rev. D 104, 092010 (2021)

4 5 6 7 8
F(Eu 6,) (MeV)

* MINERVA used neutrino scattering on electrons to measure flux in both neutrino
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Neutrino Inclusive Cross section in CH

* Inclusive charged current v cross section as a function of muon longitudinal and
transverse momentum

* Agreement with simulation is not perfect, underproduction around p. peak for
values p|> 3GeV and overproduction for low values of pt

* [llustrates that MINERVA covers the full QE+RES+DIS range
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Phys. Rev. D 101, 11 (2020)
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Low Recoil Measurements with the Medium Energy

* Inclusive charged current double differential cross section as a function of available
energy and three momentum transfer g; = |q| = \/02 + q3

* We use available energy

(neutrons not included!)

Eavail = ZTp + ZTni + ZEother particles

(900 0.05 0.10 0.15 020 0.00 005 0.10 0.15 0.20
Available Energy (GeV)

* Agreement with the different event
generators varies, some disagreement
in the QE-enriched regions and middle

0.3<q3/GeV<0.6 and better agreement at

q3/GeV>0.6
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Massive CCQE-Like Statistics

* QE-like measurements on scintillator in 3D, as a function of total proton kinetic
energy, transverse and longitudinal momentum

e Excellent statistics, 3,390,718 events
* Modeling p|| well: same trend across all T, and pr bins
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Massive CCQE-Like Statistics

* Low muon pr, high proton kinetic energy
* Few events in data where simulation predicts 2p2h

4.50 < P, (GeV/c) <7.00

0.00 < P, (GeV/c) <0.07

resonant + pion absorption

* Proton kinetic energy near 0.2 GeV

* Low pr:relatively good agreement with MINERVA
tune

* High pt:Tune not sufficient at high pT

* High PT, low Tp:
* Over prediction in data in a region dominated
by QE with FSI

Phys. Rev. Lett. 129, 021803, July 2022
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Coherent Pion Production

e Coherent: neutrino interacts of whole nucleus
* Models related to NC coherent piO production, : Iron

....... Best A-Scaling Fit = 2.01+0.00

important for electron neutrino background _  *p _ gnetoinesoos
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Coming Soon

* Many measurements in preparation using the medium energy on different targets
* Neutrino QE-like measurements in the nuclear targets: Carbon,Water, Iron and

Lead

 Cross section in initial struck neutron momentum, transverse kinematic

imbalances observable and muon observables
* Neutrino ;t* and ¥ in the nuclear targets

e Cross sections as a function of muon transverse momentum

* Antineutrino CCQE on hydrogen
e Differential cross section as a function of Q?
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Short Baseline Program

* Three argon Time Projection chambers (TPC) detectors at different baselines from
Booster neutrino beam searching for sterile neutrino oscillations

- Measuring both appearance and dlsappearance channels

—Booster -
Circumference: 468m"
Proton Energy: 8 GeV

“Linac. ~=+ ="
Length: 150m_ e = =
Proton Energy 400 MeV. _"_,'“"9“'
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What could we do with v from the NuMI off axis?

* No high statistics measurements of electron neutrino cross section on liquid argon at
DUNE energies

* Electron neutrino spectrum from NuMI at ICARUS covers the first oscillation peak and
the tail covers the high statistics peak from DUNE

 Excellent statistics from muon neutrino to measure exclusive channels: quasi-elastic and
pion production

New electron neutrino measurement from MicroBooNE

Electron to muon neutrino quasi elastic from MINERvVA

e 8: MicroBooNE NuMI Data: 2.0x10%° POT 2= o 32'5 . Absolutely normalized (3.49 x 10° P.O.T.)
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243 events with 72% purity, https:/arxiv.org/pdf/2109.06832.pdf Phys.Rev.Lett. 116 (2016) no.3, 031802
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Neutrino Interactions from NuMI off axis

* Main channels are quasi-elastic and resonance interactions

* Excellent statistics to make cross section measurements for quasi-elastic and pion
production scattering, for both electron and muon neutrinos

Muon Neutrino

Electron Neutrino

Preliminary

ICARUS Simulation
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ICARUS at FNAL

* Several technology improvements were introduced, aiming to further improve the
achieved performance ICARUS previous runs: new cold vessels, improvement of the
cathode planarity, higher performance read-out electronics and upgrade of the PMT
system

» 2 TPCs per module with central cathode, 1.5 m drift, Ep=0.5 kV/cm, 3 mm wire pitch

* 3 readout wire planes (2induction+collection)
per TPC, ~54000 wires at 0, 60 degrees

360 PMTs 8”
* Cosmic ray tagger: scintillator strips read out by SiPMs

TPC

Wire planes (anode)

Top CRT |

1 T600 module
© 2016-2018 CERN L ATN P x

f. ¢ 3 I A
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The

Cathode
ame Field cage
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side-CRT- & Fermilab
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Liquid Argon TPC Detection Technique

* Tracking device: precise 3D event topology with ~mm?3 resolution for ionizing
particle
* Scintillation light detected by PMTs to provide event time and trigger

* Charged particles from neutrino interactions ionize the LAr, production ionization
electrons drifting in | ms toward readout sense wires

* Powerful particle identification by dE/dx

VS range
g ney: CRinG 1ectric field . . .
RN AT Z===——> . Remarkable e/y separation: calorimetric
0T N capabilities can distinguish e from y at
seintillationhy = 2
the shower start
- ¥

; Art — \ Electron neutrino
» ’i “” > Anodic pla.nes‘ ‘

Photomultiplier tubes * — g‘ =

(PMTs) 2‘;

Reconstructed image Signal on wires

Greater ionization
density at beginning of
y-induced showers
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Commissioning

* |CARUS has been collecting cosmic data since summer 2020

* Studying detector performance with a sample of cathode-crossing stopping cosmic
muon, dE/dx versus residual range

* The signal-to-noise ratio was extracted from a sample of almost-vertical anode-to-
cathode crossing cosmic muons

5 0.45
. [ Induction 1 (Peak: 6.74)
Landau MPV S 1 Induction 2 (Peak: 8.64)
4 - { Calibrated Data MPV 0.35 - [1 Collection (Peak: 9.05)
E 2 030
i c
%J 3 = 0.25
= -
< O £ 0.20
5 2 3
L . < 0.15
T
11 0.10
Data 0.051
00— - ; ; : Data
0 ?RO id Illg 0 150 200 0-00% 5 10 15 20 25 30 35 40
esidual Range [cm] Peak Signal to Noise Ratio (Noise-Filtered)

More details about calibration at Gray Putnam’s talk
2& Fermilab
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Track Reconstruction

* Comparison of cosmic events reconstructed in data and simulation

Selection: Fiducial Volume
—e— Data _';Jlo%fe art'g'|

§ 0.25 . _5
5 =
2 - 8
S 0.2 s
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= [
0.05} S0
i SIS
0'...|...|...|... Pl ialwsiliony
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* Neutrino events found from hand scanning useful to investigate and test the
automated software tools and compare performance between data and MC

2000 2100 200 2
vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv

3200

11111

\44 PRELIMINARY

=3 Fermilab
Using Pandora reconstruction, https://github.com/PandoraPFA
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ICARUS Commissioning Status

* Collecting neutrino data from Booster and NuMI neutrino beams
* |CARUS started to take neutrino data from Booster and NuMI last year June 202

Muon Neutrino candidate from data Electron Neutrino candidate

Muon neutrino Electron neutrino

* Final stages of the trigger system and installation of the overburden was completed
last May 2022

* Finalized the commissioning and started the data physics taken in June 2022

2% Fermilab
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Starting with Event selections

* Selection uses reconstructed output from TPC, PMT and CRT
systems and looks for neutrino-like interactions with a muon-like
track or electron-like shower

Selection for Muon Neutrino Selection for Electron Neutrino
: NuM, 6e20 POT everything ICARUS Simulation
60000 :_ — v, CC Cut 1. Fiducial volume 500 __ 6' % ;020 'POT' | J ' J 5 | ! ; ! T —_
5 Cut 2. Not a clear cosmic Cut 3. Flash matching score<12 o —N e CC N
l Cut 4. Side CRT veto Cut 5. Top CRT veto - Sig: 3726 = 67 % - g
50000 R Cut 6. Muon track found 400 il Bkg: 1800 = 33 % ] . ]
o : 59 - I Preliminary -
40000 | 2 » N
| S 300— -
30000 [ ] ICARUS Simulation [3) i L i
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. _[——% 9 200__ ..... —I._ .
; = 200 ]
20000 y By = : | :
10000 100 - =
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0051152 253 354455 G—————— =i us=r
Muon momentum (GeV) Best plane energy (GeV)
2= Fermilab
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Summary

* Oscillation experiments depend on modeling nuclear effects correctly and knowledge
of cross sections to a few percent for precision oscillation measurements

* MINERVA is building a rich data set of results for the oscillation experiments
* More observables with a rich statistics
* More nuclear dependence (Carbon, Iron, Lead, Water and Helium)

* |[CARUS will collect good statistics of neutrino interactions from NuMI of axis to
perform cross section measurements

- Muon neutrinos, electron neutrinos and ratio muon to electrons

- Excellent statistics to measure similar observables from MINERVA to constrain
initial and final state interactions for DUNE

* [CARUS operated steadily since summer 2020, data collected with cosmics and
neutrinos are used for calibration and tuning of the simulation and reconstruction

* [CARUS has begun first physics run in June 2022

2% Fermilab
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Back Up Slides

2% Fermilab



Light Collection System Upgrade (PMT)

* [CARUS at SBN has 360 PMTs 8” (5% photocathode coverage of TPC wire area, I5
phe/MeV) that provides: ———

- Precisely identify the time of occurrence of any
ionizing event in TPC with ns resolution

- Localize events with <50 cm spatial resolution
- Give event topology for selection purposes
* Sensitivity to low energy events (~100 MeV)
* The system was completed in 2019

e Commissioning of the system started in 2020
NuMI SPILL WINDOW 9.5 us

LR
A }}.H};H}M

§ 325 +
I = Avg background: 231 counts |
sl |
52 N |
* gt oo H .Lh+£+.+. it
0. : ICARUS Prelimindry
sl . 3¢ Fermilab

5 10 15 20 25

Flash time [us]
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TPC Readout Electronics Upgrade Reside outside the cryostat

* New TPC readout electronics
- A front-end based on analogue low noise/charge sensitive
pre-amplifier
More compact layout: both analog+digital electronics
in a single flange

Lower noise ~1200 e- equivalent (~20% S/N improvement
w.r.t LNGS)

- Shorter shaping time ~|.5 us matching e- transit time between
wire planes providing a better hit position separation

TPC N0|se (coherent noise removed)
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New Cosmic Ray Tagging System (CRT)

* CRT surrounds the cryostat with two layers of plastic scintillators (~| 100 m2)
* Provides spatial and timing coordinates of the track entry point

* Few ns time resolution allows measuring direction of incoming/
outgoing particle propagation via time of flight Side CRT: installed

* Three subsystems providing ~95% tagging efficiency: o '
* Bottom, side and top CRT

Top CRT: installed
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